NUCLEAR MAGNETIC RESONANCE (NMR) imaging, now called "magnetic resonance imaging" or "MRI" in the radiologic literature,t has become widely available for clinical use. However, application to the cardiovascular system remains predominantly in the research phase. Although the present commercially available systems can generate high-resolution tomographic images, the relatively high cost and rather lengthy acquisition times have limited the cost-effectiveness of NMR as a diagnostic tool when compared with other effective and less expensive noninvasive modalities such as echocardiography and radionuclide procedures. The ultimate importance of cardiovascular NMR imaging will depend on the development of unique applications, including noninvasive angiography particularly of the proximal coronary arteries, noninvasive high-resolution assessment of regional myocardial blood flow distribution, characterization of myocardial pathology by alterations in proton relaxation properties, and evaluation of myocardial biochemistry in vivo by NMR spectroscopy. The advantages of this technology are several: NMR (1) is nonionizing, (2) generates intravascular and soft tissue contrast without the need for contrast medium, (3) is intrinsically three-dimensional, allowing images to be obtained from any plane orientation, (4) can image structures without interference from bone, and (5) has the potential to evaluate biochemical composition and reactions and disease-related changes.
a multitude of abnormalities (figure 2). Generally, cardiac images are acquired in two-dimensional tomographic slices of 0.6 to 1.0 cm in thickness. The myocardium is depicted in sharp contrast to the moving blood within the chambers so that even the papillary muscles and the moderator band of the right ventricle are often visualized. The interventricular septum is well defined and its unusual configuration in patients with hypertrophic cardiomyopathy or ventricular septal defect can be depicted. Even thinner structures such as the walls and septum of the atria and the pericardium can be visualized. Intravascular blood motion permits imaging of large outflow and inflow blood vessels and occasionally glimpses of the coronary -arteries are seen.
The importance of NMR imaging is related not only to its ability to generate high-resolution tomograms demonstrating cardiac morphology but also to extensions of these studies to the assessment of global function, regional characterization of pathologic processes using T1 and T2, and the development of other unique applications that other less expensive technologies cannot perform.
Analysis of structure and function. Since NMR image acquisition generally requires one or more minutes, cardiac imaging must be performed by synchronizing image acquisition with the phase of the cardiac cycle by means of the electrocardiographic R wave. Most studies have been performed with externally defined sagittal, transverse, and coronal planes. Image planes orthogonal to the thorax, however, do not provide optimal display of the heart and great vessels. Not only are these planes oblique to the long and short axes of the heart, but also their angle with respect to those axes varies between individuals. Such tomographic cuts with oblique intersections between image plane and cardiac orientation can lead to erroneous estimates of wall thickness and motion.
Calculations of cardiac chamber volumes, myocardial thickness, and wall motion are most appropriate when tomographic sections are oriented to the intrinsic axes of the heart. Because NMR imaging systems per-CIRCULATION 88 FIGURE 1. End-diastolic gated spin-echo image at a level through the chest depicting all four cardiac chambers, mitral and aortic valve plane, and descending thoracic aorta. The high contrast between moving blood within the cardiac chambers and the myocardium is well illustrated. This standard transverse section (i.e., with respect to extemal axes) shows the right atrium (RA), left atrium (LA), right ventricle (RV), left ventricle (LV), interventricular septum (IVS), descending aorta (Ao), and right and left lungs (RL and LL, respectively). Image courtesy of Professor Kutzim, Institute for Clinical and Experimental Nuclear Medicine at the University of Cologne. mit data acquisition in any plane by adjusting a set of gradient angles, it is possible in principle to obtain any viewing angle through any part of the patient. Dinsmore et al.5 used the intrinsic three-dimensional imaging capability of NMR to optimize the selection of imaging planes in this manner. Practical problems exist, however, since appropriate angle selection must be determined by a time-consuming trial and error process. Physically positioning the patient in a 30 degree right anterior oblique orientation, obtaining an initial set of images with one signal average (approximately 1 to 3 min), and determining the appropriate alterations in gradient angles after this initial series has been one solution. Subsequent, optimally oriented, high-resolution, and low-noise images are then acquired with two or more signal averages (figure 3).
During an -acquisition period, multiple slices (often six or more) can Changes in tissue water content play the most important role in the alterations of T1 and T2 associated with disease, particularly coronary artery occlusion followed by reperfusion. Increases in TI and T2 parallel increases in total tissue water in the ischemically insulted myocardium. Generally, the degree of elevation of the relaxation times in a canine preparation of myocardial infarction is related to the severity of the ischemic insult during occlusion and to the extent of reperfusion with reflow.9 However, recent data from our laboratory have demonstrated no increases in TI and T2 in myocardium in which microsphere-determined perfusion indicates ischemia (less than 5% of control flow) for a 4 hr occlusion interval. This absence of T1 and T2 changes was observed even though total tissue water was significantly increased albeit to a lesser ex- tent than in less severely ischemic or reperfused zones. Reperfusion of this region was associated with marked elevations in total water, extracellular water, and both T, and T2. It is still uncertain, however, whether T, and T2 can be used to assess myocardial viability. It is believed that these measurements reflect the ability of myocardial tissue to maintain normal water balance. At some point in an ischemic insult, tissue water (in the face of some degree of residual perfusion) will increase. This increase ultimately affects T, and T2 and is likely to be the most important mechanism for their increase. Studies suggest that NMR imaging of relaxation properties, nevertheless, should be helpful in sizing established myocardial infarcts and depicting the severely ischemic necrotic core of an infarct.
Proton NMR also has the potential to stage myocardial infarction. The evolution of an infarct from the acute ischemic phase to the formation of myocardial scar is associated with changes in the NMR properties of tissue primarily related to changes in tissue water content. In particular, water content becomes elevated within an hour of onset of ischemia related to the decreased transport ability of the myocardial cell membrane. i4 As fibrous tissue replaces the damaged tissue 2 to 3 weeks after infarction, water content decreases. Lipid and collagen may also play a role in serial T, and T2 changes associated with myocardial infarction. Proton NMR techniques that depict relaxation times might be useful as a means of characterizing the myocardial ischemic insult because acute myocardial infarction without reperfusion, acute myocardial infarction with reperfusion, and myocardial scar have different relaxation properties.
Factors other than water may have an impact on signal intensity in a gated proton NMR image. Mobile lipids (e.g., fatty acids) can affect water relaxation through cross-relaxation'5 with resultant effects on signal intensity in an NMR image. Alternatively, lipid accumulation in myocardium associated with ischemic insults may be detected specifically because the lipid resonance position is offset from the water resonance. Thus proton NMR imaging has the potential to depict the accumulation of mobile lipids in vivo. With further technologic advances in NMR imaging methods, such lipid accumulations should be measurable by proton chemical shift or spectroscopic imaging, enabling the ischemic insult to be staged. In addition, the high resolution of the imaging study may permit the identification of the insulted myocardium at a very early stage and accurately and reproducibly quantify the size of the infarct. It is the biophysical (T1 and T2) and/or biochemical information that will be derived clinically that is unique to NMR and that will enhance its costeffectiveness and clinical utility.
Noninvasive angiography. Atherosclerotic involvement of the vessels supplying the heart, brain, and other organs is one of the most important diseases facing modern medicine. Current methods cannot adequately assess the severity of such atherosclerosis. NMR, however, has the potential to define the morphology of normal and diseased arteries. Because the NMR signal is affected by macroscopic motion of protons, a reduction in signal intensity can result from blood flow as excited protons move out of the imaging plane. This characteristic loss of signal is the basis for noninvasive NMR angiography without the need for contrast medium. Contrast between arterial lumen and surrounding tissue can be maximized by synchronizing image acquisition to the phase of maximal arterial blood velocity, i.e., early to mid-diastole for the coronary arteries and early to mid-systole for the other systemic arteries. In addition to providing contrast for angiography, NMR techniques have the potential to quantify flow velocity and, as a result, to evaluate the impact of arterial plaque. Flow velocity measurement is based on the shift in phase of the RF signals that are induced by the movement of protons within a magnetic field gradient. The shift in phase is zero for stationary protons and is proportional to velocity for moving protons. Fourier transform and spin-warp imaging techniques provide means to image the distribution of such phase differences, and hence the velocity of proton flow and diffusion may be mapped.'6 Phase images can be constructed that use color scales to encode the proton velocity in each pixel. Thus flow velocity and turbulence may be depicted. Such images might be useful for detecting impaired ventricular wall motion, vessel obstructions, or intracardiac shunts. Ultimately, it may be possible to assess the severity of valve stenoses by quantifying flow through valve orifices.
Because signal intensity is dependent on phase (i.e., velocity), the subtraction of a systolic image from a diastolic image allows pulsatile flow to be depicted. the emitted photons have relatively low energy) and NMR contrast agents are stable and will not decay or require specialized licensure. Paramagnetic agents enhance contrast in NMR images by facilitating relaxation. An agent designed for myocardial extraction (like thallium) would permit NMR imaging of regional myocardial blood flow distribution.
The major problem with the strategy of using paramagnetic reagents is their toxicity in the concentrations needed to generate adequate NMR contrast. Early studies in canine preparations of myocardial infarction used ionic manganese (Mn++). Although manganous ion distributes to myocardium in proportion to regional blood flow,2" it is quite toxic in quantities adequate for imaging. Toxicity considerations have led to the study of chelated metals, such as gadolinium-DTPA (Gd-DTPA). Although these complexes alter relaxation rates of tissue in proportion to their concentration and consequently increase contrast in the presence of concentration differences, they distribute nonspecifically; that is, they are not specifically deposited in myocardial cells or zones of infarcted myocardium. The increase in extracellular water associated with a myocardial ischemic insult results in a transient concentration differential of the contrast agent between vascular and extravascular space. This dynamic gradient will lead to less image contrast as equilibrium is restored. The studies of Wesbey et al.22 illustrate these points. Gd-DTPA was administered after 24 hr of coronary artery ligation in dogs. Myocardium from nonischemic zones excised 90 sec after injection of Gd-DTPA had significantly shortened relaxation times relative to those of infarcted zones. In contrast, 5 min after administration the infarcted myocardium had reduced relaxation times and those of noninfarcted myocardium were increasing back toward control. These results are consistent with early accumulation in and clearance from normal myocardium and delayed accumulation in infarcted myocardium. The challenge is to develop an agent that is specifically, rapidly, and efficiently deposited in viable myocardial cells and has no toxicity. Such an agent would depict regional myocardial blood flow distribution, and when administered during exercise or with dipyridamole would provide a means for improved pathophysiologic assessment of the extent of coronary artery disease.
Myocardial biochemistry. NMR has the unique clinical potential to monitor biochemical processes in vivo with spectroscopy. This is accomplished either by (1) generating spectra from a smaller volume of the total volume of the body within the magnet or (2) imaging the spatial distribution of a preselected portion of the Vol. 75, No. 1, January 1987 spectrum. The latter has been performed by acquiring three-dimensional data sets in which the x and y dimensions contain spatial information and the z dimension is that of the spectrum. A single tomographic slice (e.g., through the mid thorax) and a portion of the spectrum (e.g., lipid resonances) are selected. The distribution of lipid within that slice is then depicted. Moreover, paging through the z axis shows images from one end to the other end of the spectrum. In contrast to conventional NMR images in which signal intensity distribution is related to all mobile protons in the region imaged, these images depict only the mobile protons of the selected molecular type. The proton spectrum depicts peaks for water, the methyl and methylene groups of lipids, lactic acid, and other molecular species. Water and lipid are present in higher concentrations than other molecules and are most readily detected. Chemical shift images have been generated that depict the distribution of water and that of lipid in the head and abdomen. 23 The difficulty in obtaining high-resolution proton NMR spectra of sufficient quality to allow spectroscopic observation of relevant metabolites of the heart in vivo is related to the interference by the intense water signal. The application of surface coils permits definition of a limited volume of interest, optimization of the magnetic field homogeneity over that volume, and the implementation of spectroscopic techniques to suppress the water resonance. With this approach, millimolar concentrations of metabolites have been observed in humans. 24 Application to the cardiovascular system may include assessing myocardial lipid accumulation associated with ischemic insults. Such accumulation may be related to the reversibility and viability of myocardial tissue. The utility of evaluating the distribution of water compared with lipid is presently under investigation and ultimately may provide a means to evaluate a myocardial ischemic insult. Of course, the ability to determine the spatial distribution of lactic acid, which is known to accumulate in ischemic tissue, also would be of great importance. Unfortunately, the relatively low concentration of lactic acid and its spectroscopic proximity to the position of the lipid resonance present difficult technical challenges to be overcome before clinical images of the distribution of lactic acid can be generated.
Other (2) NMR is difficult to apply in acutely ill patients or infants and young children because of its prolonged acquisition time and the requirement that the patient remain still; (3) NMR studies are contraindicated in patients with cardiac pacemakers or metallic implants; and (4) an NMR system and facility are expensive.
Strategies for decreasing acquisition time and improving resolution are under investigation. Methods using reduced RF excitation angles allow image acquisition in substantially less time while maintaining adequate contrast and high spatial resolution. Preliminary data show that imaging of a cardiac cycle within a single plane can be acquired within 45 sec. Presently, three-dimensional data acquisition strategies are under development. These will allow visualization of virtually any image plane. Such acquisitions allow appropriate evaluation of the course of structures such as the coronary arteries, which have a tortuous spatial orientation. Nevertheless, three-dimensional imaging substantially increases the time required for data acquisition and display.
New innovative strategies are being investigated to decrease imaging time, such as the echo planar method, which allows acquisition of an image plane in 30 msec but which yields poorer image resolution.
Surface coil imaging -a technique that uses an RF coil placed directly over the anatomic region of interest -characteristically demonstrates high sensitivity and relatively uniform response to signals in proximity to the coil. Because of the size of the coil, limited field of view, and the proximity to the area being imaged, a three to five times greater signal-to-noise ratio is often achieved compared with conventional whole body coils. Consequently, high-resolution, low-noise images are obtained in standard image acquisition times. 
